Purpose: Extracellular pH (pHe) is an important biomarker for cancer cell metabolism. Acido-chemical exchange saturation transfer (CEST) MRI uses the contrast agent iopamidol to create spatial maps of pHe. Measurements of amide proton transfer exchange rates (k ex ) from endogenous CEST MRI were compared to pHe measurements by exogenous acido-CEST MRI to determine whether endogenous k ex could be used as a proxy for pHe measurements. Methods: Spatial maps of pHe and k ex were obtained using exogenous acidoCEST MRI and an endogenous CEST MRI analyzed with the omega plot method, respectively, to evaluate mouse kidney, a flank tumor model, and a spontaneous lung tumor model. The pHe and k ex results were evaluated using pixelwise comparisons. Results: The k ex values obtained from endogenous CEST measurements did not correlate with the pHe results from exogenous CEST measurements. The k ex measurements were limited to fewer pixels and had a limited dynamic range relative to pHe measurements. Conclusion: Measurements of k ex with endogenous CEST MRI cannot substitute for pHe measurements with acidoCEST MRI. Whereas endogenous CEST MRI may still have good utility for evaluating some specific pathologies, exogenous acido-CEST MRI is more appropriate when evaluating pathologies based on pHe values.
INTRODUCTION
Solid tumors generate and export excess lactic acid due to altered metabolism, dominated by glycolytic processes, resulting in acidic extracellular pH (pHe) in the tumor microenvironment (1) . Lactic acid can also accumulate in the tumor microenvironment of highly angiogenic tumors due to poor perfusion (2) . The quantification of tissue pHe can be a useful diagnostic tool for distinguishing between cancers and nonmalignant pathologies (3, 4) . Furthermore, tumor pHe may be an important indicator of tumor metabolism, providing a useful biomarker for monitoring therapy response (5, 6) . Whereas the intracellular compartment remains buffered in most living cells, intracellular pH (pHi) has also become a biomarker of interest is some pathologies. Intracellular acidification can occur in cases of extreme cell stress, in response to some chemotherapies, or in cases of ischemic stroke (7, 8) .
Chemical exchange saturation transfer (CEST) MRI can generate image contrast based on the exchange rate of a proton from an exogenous agent to water (9) . The exchange rates of some labile protons are pH-dependent, causing CEST image contrast to be dependent on tissue pH. AcidoCEST MRI is a specific protocol that measures two CEST signals from an exogenous contrast agent to accurately and precisely measure tumor pHe in vivo (10) . This method has been extensively refined, validated, and applied to study tumor models with different pHe values, and to study the effects of drugs that reduce metabolism (6) . AcidoCEST MRI has also been translated to the clinic to measure tumor pHe in patients who have metastatic ovarian cancer (11) .
The chemical exchange of amide protons from endogenous proteins can also generate CEST MR image contrast. The chemical exchange rate (k ex ) of amide protons with bulk water is base-catalyzed in the physiological pH range; therefore, tumor acidosis should decrease CEST MRI contrast (12) . Conversely, the concentration of endogenous amide protons increases CEST MRI contrast, especially from mobile proteins that have longer longitudinal relaxation time (T 1 ) and transverse relaxation time constants and are highly water-accessible (13) . Therefore, endogenous CEST MRI of some solid tumors have shown no significantly different CEST contrast relative to normal tissues, presumably due to the opposed effects of tumor acidosis and mobile protein content in tumors (14) . For these reasons, endogenous CEST results may be interpreted as a weighted average of pH and mobile protein concentrations.
To address this problem, k ex has been estimated from CEST MRI with multiple saturation powers using a variety of analysis methods (15) (16) (17) (18) . Although the absolute amplitude of the CEST signal is dependent on the concentration of the exchangeable protons, this concentration does not affect the relative change in CEST with increasing saturation power. The QUantifying Exchange with Saturation Power (QUESP) method can estimate k ex in a concentration-independent manner by fitting a nonlinear function to the CEST signal amplitudes measured with a range of saturation powers (15) . The omega plot method, also known as the Lineweaver Burke QUESP (LB-QUESP) method, is a linear version of the QUESP algorithm that can estimate k ex without requiring accurate initial guesses of the parameters (19) .
We sought to compare exogenous and endogenous CEST MRI for in vivo pHe assessments. In particular, we aimed to determine whether endogenous k ex measurements could be used as a proxy for pHe measurements obtained with exogenous agents. We used acidoCEST MRI with an exogenous CEST agent to measure tumor pHe, and used the omega plot method to analyze endogenous CEST MRI results and directly measure endogenous k ex . We performed these imaging assessments for the normal murine kidney, a spontaneous murine lung tumor model, and a flank xenograft mouse model of pancreatic cancer. The mouse kidney was studied to provide tissue with a variation in pHe and pHi; the flank tumor model was selected to test a model that is typically used in preclinical cancer research; and the lung cancer model was evaluated to test conditions with higher image noise.
METHODS

Mouse Models
MR imaging of normal kidneys was performed with female nude mice that were 12 weeks of age and 27 g average weight. To prepare a xenograft tumor model, 10 7 MIA PaCa-2 pancreatic tumor cells in 100 mL of saline were injected subcutaneously in the right rear flank of male severe compromised immunodeficiency mice, 8 weeks of age, 22.6 g average body weight. The flank tumor model grew to an average size of 200 mm 3 after 7 days, when the mice underwent MR imaging. To prepare an orthotopic model of lung adenocarcinoma, male A/J mice (Jackson Laboratory, Bar Harbor, ME) were treated with a single intraperitoneal injection of 1 mg/g urethane in 0.2 mL phosphate buffered saline (PBS) at 6 weeks of age. The lung adenocarcinomas reached a size of 1 mm at 25 to 26 weeks of age with average body weight of 29.4 g, which was suitable for MRI studies.
Prior to imaging, we anesthetized each mouse with 1.5% to 2.5% isofluorane in 1 L/min oxygen carrier gas. A tail vein was catheterized with a 27 g needle to deliver contrast agent. We used a fiber-optic rectal probe to monitor temperature and a respiration pad to monitor respiration rate (SA Instruments, Inc., Stony Brook, New York, USA). To facilitate optimal respiratory gating, anesthesia levels were maintained such that mice had a respiratory rate of 20 to 50 breaths per minute. Mouse body temperature was maintained at 36.5 to 37.5 C using warm air.
MRI Acquisitions
We performed anatomical MRI scans with each mouse to locate the kidney or tumor, using parameters listed in Supporting Table S1 . We used a 7 T Bruker Biospec MRI scanner with a 20 cm bore and a 72 mm tranceiver volume coil (Bruker Biospin, Inc., Bilarica, Massachusetts, USA). Respiration-gated acidoCEST MRI was performed by applying selective saturation at 3.5 mT power, followed by a fast imaging with steady-state precession acquisition (all parameters are listed in Supporting Table  S1 ) (20) . For acidoCEST MRI of kidney and lung tumor model, we acquired images to produce four CEST spectra for each image pixel prior to intravenous administration of the contrast agent. Then, 200 mL of 370 mg of iodine per mL (mgI/mL; 976 mM) of iopamidol (Isovue, Bracco Imaging S.p.A., Milan, Italy) was injected intravenously within 60 s, and the injection line was connected to a syringe pump that infused 400 mL/hour of agent during the next 30 minutes. This dose is equal to 5.66 to 7.36 gI/kg of mouse body weight. Because pharmacokinetics scale between species when normalized to body surface area, the dose used in our study equates to human equivalent dose of 0.46 to 0.59 gI/kg. This dose is 2.5-to 3.3-fold lower than the maximum 1.5 gI/kg allowed for clinical CT (10, 21, 22) . Six sets of CEST MR images were acquired immediately after injection to produce six postinjection CEST spectra for each imaging pixel (23) . We used the same protocol for imaging the flank tumor model, except that we acquired three preinjection and five postinjection CEST spectra because images of the flank tumor were less susceptible to motion artifacts. For respiration-gated acidoCEST MRI, we achieved steady-state saturation by applying 10 rectangularshaped pulses for 600 ms each (a total of 6 s). After this pulse train, the protocol checked the respiration trigger. If the trigger was active, then MR signal collection would commence (24) . If the trigger was not active, another 600 ms saturation pulse would be delivered, and then the protocol was checked again for an active trigger to start MR signal collection or yet another 600 ms saturation pulse would be delivered. This process was repeated until the protocol detected an active trigger and acquired the MR signal to produce an image.
Endogenous CEST images were acquired with selective saturation with rectangular-shaped pulses applied at 2.5, 3.5, and 4.5 parts per million (ppm) (Supporting Table  S1 ). We collected images at 1.0, 1.5, and 2.0 mT saturation powers to calculate the amide k ex . Large B 0 inhomogeneity in the lung due to air-tissue interfaces necessitated correction of the presaturation offsets. We used the offset value of the lung tumor region of interest determined from the WASSR scan to correct the transmitter offset for the subsequent scans (25) . This process greatly compensated for B 0 inhomogeneity in the lung tumor, and the postprocessing method could then tolerate any remaining mild-to-moderate B 0 inhomogeneity on a pixelwise basis in the image of the lung tumor. Because the B 0 inhomogeneity was relatively small for imaging the kidney and xenograft tumor model, a similar WASSR scan to correct for large B 0 inhomogeneity was not required.
MRI Analyses
AcidoCEST MRI results were fit using previously published methods (11, 23, 24, (26) (27) (28) . We first averaged the four preinjection images at each saturation frequency. We then applied a Gaussian spatial smoothing algorithm to improve the signal-to-noise ratio (23) . We performed the same steps to process the six postinjection images. The resulting preinjection image was subtracted from the postinjection image at each saturation frequency, which eliminated CEST signals from static endogenous sources. Pixels with contrast less than the standard deviation of scan noise multipled by 2ͱ2 were discarded from the analysis because contrast above this threshold has a 95% probability of arising from the agent (26) . CEST spectra were then obtained for each imaging pixel. A sum of three Lorentzian line shapes was fit to each CEST spectrum by varying the width, amplitude, and center frequency of each line shape (27) . The CEST effects from iopamidol occur at 4.2 and 5.6 ppm, and the center peak for water was also fit. Each CEST spectrum was also fit with the Bloch-McConnell equations (the Bloch equations that include chemical exchange) modified to directly include pH as a fitting parameter, as previously described (28) . We refer to this analysis method as Bloch fitting. Pixels with pHe values beyond the range of 6.2 to 7.4 pH units were excluded based on an analysis of reliability previously evaluated with phantoms (23, 28) .
The contrast from endogenous CEST MRI at the various saturation powers was used to determine k ex . The endogenous % CEST value was determined from MR image signals acquired with saturation at 2.5 ppm, 3.5 ppm, and 4.5 ppm (Eq. [1] ) (29) . This analysis resulted in a measurement of CEST that is insensitive to MT and direct water saturation. We then used the % CEST values at different saturation powers to estimate the chemical exchange rate using the omega plot method, (Eq. 
where M sat is the MR image signal with saturation; c is the concentration of the exchangeable protons on the agent in units of molar; k ex is the chemical exchange rate in Hz; R 1 is the longitudinal relaxation rate in Hz; and x is the saturation power in Hz. The factor of 111 represents the concentration of exchangeable protons on water, in units of molar. The x-intercept of Equation [2] is equal to À 
RESULTS
MRI Protocols
To facilitate the comparison of endogenous CEST MRI and acidoCEST MRI results, we performed both imaging protocols during the same imaging session for each mouse. Although the combination of respiration-gated endogenous CEST MRI and acidoCEST MRI protocols resulted in lengthy scan times, we successfully completed data collection without mouse fatality. Our respirationgated acidoCEST MRI method performed well in all three murine models, as evidenced by the lack of motion artifacts in the images, including the images of lung tumors. Lorentzian line-shape fitting had potential to estimate pHe values from CEST spectra that had no CEST signal instead of reporting that no pHe value could be reliably estimated. This problem was especially evident in CEST spectra from lung images that had greater noise than images of kidneys and flank tumors, where Lorentzian fitting was prone to fitting noise and estimated pHe values for many pixels in the empty space outside the mouse (Fig. 1c) . Moreover, Lorentzian fitting estimated a wide range of pHe values within the physiological range of 6.2 to 7.4, making it difficult to determine whether the pHe values assigned in the ROI were accurate or precise. These results were consistent with a previous study of the accuracy and precision of the Lorentzian fitting method (11) . For comparison, Bloch fitting had much less potential to report a reliable fit of CEST spectra that had no CEST signal. This fitting method estimated pHe values for many pixels throughout the lung tumor and surrounding lung tissue, and estimated pHe values in very few air regions in the lung or outside the mouse (Fig. 1b) . When Bloch fitting encountered CEST spectra that were too noisy to fit reliably, this method estimated pHe values outside the physiological pHe range of 6.2 to 7.4 such that these pHe values could easily be discarded. This result was also consistent with a previous study of the Bloch fitting method (11).
MRI Results
The pHe values estimated with acidoCEST MRI were consistent with expectations in each model system (Figs. 2  and 3 ). The pHe values in the kidney were the most acidic (6.3-7.0), followed by the pHe values of the MIA PaCa-2 flank xenograft (6.7-7.2) and the pHe values of the murine lung adenocarcinoma (6.9-7.4). More specifically, the slower growth of the lung tumors suggested slower metabolism for these tumors, which should produce less lactic acid and therefore have a higher pHe.
Our endogenous CEST MRI method measured proton exchange rates in fewer pixels relative to the acidoCEST method (Fig. 3c) . More importantly, the chemical exchange rates quantified by endogenous CEST MRI did not correlate with the pHe values measured with acidoC-EST MRI for all tissue types (Fig. 4) . In addition, the dynamic range of the chemical exchange rates was narrow relative to the dynamic range of pHe values. Whereas the pHe values spanned the entire measured pH range with an approximately normal distribution (Fig. 5a) , 80% of the k ex values were measured between 0 to 480 Hz of the 0 to 1,200 Hz range (Fig. 5b) . This result suggests that pHe measurements have a more direct interpretation with a dynamic range that has more value, whereas k ex measurements should be interpreted more carefully.
The uptake of iopamidol reached an average 35 to 49 mM concentrations in the kidney, flank tumor, and lung tumor, as estimated from Bloch fitting that included concentration as a fitting variable (Fig. 6a) . The concentration of iopamidol varied within each tissue, ranging from a minimum of 0.1 mM to the maximum value of 100 mM allowed during fitting. The concentration of iopamidol was not correlated with pHe values in kidney and lung tumor (Fig. 6b-d) . A slight negative correlation (R 2 ¼ 0.23) was observed between concentration and pHe in the MIA PaCa-2 flank xenografts, in which pixels with lower pHe values of 6.6 to 6.9 tended to show the highest concentration.
DISCUSSION
The pHe values quantified by acidoCEST MRI were consistent with pHe values of other in vivo CEST MRI studies with exogenous agents. A previous in vivo pH imaging study that used a T 1 MRI contrast agent to measure renal pH in mice found that pH in the kidney ranged from 6.3 to 7.3 and that pH of the renal cortex was consistently higher than that of the medulla (32) . The higher pHe observed in the slower-growing lung adenocarcinoma model relative to the faster-growing xenograft pancreatic tumor model is consistent with prior studies examining tumor pHe and invasive phenotypes (33, 34) . The correlation between acidic pHe and increased production of vascular endothelial growth factor that increases angiogenesis may explain the slight correlation between higher acidosis and higher uptake of iopamidol in the MIA PaCa-2 flank xenografts (35) .
Overall, we observed no correlation between endogenous amide exchange rate measured with the omega plot method and pHe values measured with acidoCEST MRI. As a possible rationale, methods that measure the CEST effect from endogenous proteins are unable to distinguish between pHe and pHi that remains well buffered or partially buffered in living tumor cells (3) . The influence of the buffered intracellular space on endogenous CEST MRI may be sufficient to explain the lack of dynamic range of k ex values observed in our endogenous CEST MRI results. Furthermore, the contrast used for endogenous CEST MRI analysis was lower than the CEST contrast generated by the exogenous contrast agent. This reduced sensitivity resulted in a reduced Comparing CEST MRI Methods that Measure pHnumber of pixels that could be reliably analyzed by the omega plot method versus acidoCEST MRI. For comparison, well-controlled CEST MRI studies with agarose phantoms of creatine have showed a correlation between CEST signal and pH (36) , and also between CEST and concentration (37). Our results indicate that studies with homogenous phantoms may need to be carefully compared to more heterogenous in vivo conditions.
Our endogenous CEST MRI method allowed for direct quantitative comparison between pHe and amide proton CEST MRI. In particular, our multipower omega plot analysis was designed to remove the effects of mobile protein concentration when evaluating k ex , whereas MTR asym ratios include the effect of mobile protein content. As an alternative, a similar analysis method known as HW-QUESP also removes the effects of B 1 inhomogeneity from the estimate of k ex , although HW-QUESP underestimates slow k ex values (30) . AREX, qCEST, and the combination of AREX and qCEST are other methods that improve the assessment of tissue pH using endogenous CEST MR images (17, 18, 38) . However, neither approach addresses whether the source of the pH-dependent CEST contrast is intra-or extracellular. Extreme oxygen deprivation, as in ischemic stroke, may cause sufficient cellular trauma to result in unbuffered intracellular pH, but such extreme conditions are unlikely to be present in most tumors. The qCEST method (17, 18) has the advantage of measuring the concentration in addition to the exchange rate of the labile pool. We were interested in whether the exchange rate would correlate with pHe and thus chose the simpler omega plot method because fewer parameters are needed to fit to experimental data. For future studies, the qCEST method could be used to determine whether concentration of endogenous proteins that generate CEST can correlate with pHe.
Other endogenous CEST MRI methods have been developed to measure additional sources of chemical exchange, such as CEST from amine and hydroxyl groups. Amine/amide concentration independent detection (AACID) can quantify tissue pH with very high precision (standard deviations as low as 0.05 pH units) (39) . AACID studies have detected intracellular acidification resulting from treatment by a carbonic anhydrase inhibitor and the lactate transporter inhibitor lonidamine (40, 41) . A modified qCEST approach has been used to measure the pH of intervertebral discs in a porcine model by measuring the exchange of hydroxyl groups on glycosaminoglycan, showing that the proton exchange rate between that solute and water pools (k sw ) was linearly correlated with pH as measured by an electrode (42) . However, just as with endogenous amide proton exchange analyzed using the omega plot method, endogenous amine and hydroxyl proton exchange are a weighted average of pHi and pHe, confounding the interpretation of AACID and qCEST. In addition, a pH electrode disrupts the structural integrity of the tissue, causing a weighted average of pHi and pHe to be measured. Compared to electrodes, acidoCEST MRI measures pHe with better selectivity and similar accuracy and precision (23, 43) . In that regard, exogenous acidoCEST MRI is an improved comparator for interrogating pHe. Overall, our study provides a foundation for future studies that compare CEST MRI methods sensitive to pH.
CONCLUSION
We have provided evidence of a lack of correlation between pHe measurements with exogenous acidoCEST MRI and k ex measurements with endogenous multipower CEST MRI analyzed with an omega plot. Our endogenous CEST MRI analysis was designed to provide a quantitative measure of k ex without influence from the endogenous mobile protein content in each pixel. Our endogenous CEST MRI method had a lower contrast-to-noise ratio than exogenous acidoCEST MRI, which resulted in the analysis of fewer pixels with endogenous CEST MRI. AcidoCEST MRI results showed a weak correlation between pHe and vascular uptake of the exogenous agent in a flank tumor model, suggesting some correlation between tumor acidosis and angiogenesis in this tumor type. Overall, our study reflected the advantages of acidoCEST MRI, while indicating that endogenous CEST MRI results during cancer studies should be carefully interpreted. Comparing CEST MRI Methods that Measure pH 2771
